Abstract. Zinc sulfide (ZnS) has been reported to act as a photocatalyts to reduce water to hydrogen. However, ZnS could not work under visible light irradiation due to its large band gap energy. In order to improve the performance of ZnS, Ga and Sn were doped to ZnS. The series of Ga(0
Introduction
Hydrogen is one of the cleanest energy since it does not involve carbon emission. In order to sustain the production of hydrogen, the use of both renewable source and sustainable process must be concerned. Photocatalytic water splitting would be one of the best approaches to produce hydrogen [1, 2] using renewable water source and sustainable photocatalytic process, which only requires photocatalyst, light, and mild conditions such as room temperature. Due to the strong demand to utilize solar light, which consists of large portion of visible light region, the development of visible light-active photocatalysts has been recognized as the important approach in photocatalysis field nowadays. In this work, UV-active zinc sulfide (ZnS) was modified so that it could work under visible light irradiation.
ZnS is one of the reported photocatalysts for hydrogen production from water in the presence of sacrificial agents [3, 4] . It has been reported that the high activity of ZnS can be achieved even without addition of co-catalyst, due to the high conduction band of ZnS and its rapid generation of electron-hole pairs to reduce water to hydrogen. However, unfortunately, the large band gap energy has restricted the use of ZnS only within the UV light region. Therefore, the modification of ZnS is highly required to improve its performance under visible light irradiation. Doping of ZnS would be one of the best methods to reduce the band gap energy without changing the high conduction band of ZnS. Recently, we reported the improved performance of ZnS by formation of solid solution with CdS as well as the addition of dopants such as Sn, Cu, and In [5] [6] [7] . In the present study, the new dopants, which were Ga and Sn, were used to improve the photocatalytic activity of ZnS, which was not active under visible light irradiation. It was obtained that the new series of Ga(0.1),Sn(x)-ZnS samples showed good photocatalytic activity for hydrogen production from water under visible light irradiation, suggesting the success modification of ZnS by using two dopants, i.e., Ga and Sn.
Experimental
Preparation of Photocatalysts. A series of Ga(0.1),Sn(x)-ZnS was prepared by hydrothermal method in a similar way to the previous literatures [5] [6] [7] , in which x showed the amount of Sn in mol (x = 00.1-0.05). The Ga(NO 3 ) 2 .xH 2 O (Aldrich, 99.9%), SnCl 4 .5H 2 O (GCE chemicals, 98%), Zn(CH 3 COO) 2 .2H 2 O (GCE chemicals, 98%), and thioacetamide (Merck, 99%) of appropriate mol ratios were dissolved in distilled water and then added into an autoclave and sealed. The solution was heated in an oven at 433 K for 8 h and then cooled to room temperature naturally. The precipitates were washed with distilled water for several times and dried in vacuum at room temperature. As a comparison, the ZnS was also prepared using the same hydrothermal method without the presence of Ga and Sn precursors, while the Ga(0.1)-ZnS was prepared without the presence of Sn precursor.
Characterizations. The diffraction patterns of the prepared samples were investigated by X-ray diffraction (XRD) using Bruker Advance D8 diffractometer, with Cu Kα radiation (λ = 0.15418 nm) at 40 kV and 40 mA. The morphologies and nanocrystal sizes of the samples were observed on a JEOL JSM 6701F field emission scanning electron microscopy (FESEM) with Energy Dispersive X-Ray Spectroscopy (EDX). The diffuse reflectance UV-visible (DR UV-Vis) spectra were recorded on a Perkin Elmer Ultraviolet-Visible Spectrometer Lambda 900. Barium sulfate (BaSO 4 ) was used as the reference.
Photocatalytic Activity Tests. The photocatalytic reaction tests were carried out in a custommade closed-side irradiated-Pyrex cell equipped with water cooling system to keep the temperature constant at room temperature (298 K). The sample (0.2 g) was dispersed by magnetic stirring in an aqueous solution (190 mL) containing 0.25 M Na 2 SO 3 and 0.35 M Na 2 S as sacrificial agents. The reaction cell was degassed with nitrogen gas for 30 min before reaction to remove air. A 300 W Xe lamp was used as the light source, which was equipped with a cut-off filter to ensure that there was only visible light irradiation came to the reactor.
Results and Discussion
Structure and Morphology of Photocatalysts. Figure 1 shows the XRD patterns of ZnS, Ga(0.1)-ZnS, and Ga(0.1),Sn(x)-ZnS samples. As shown in Fig. 1(a) , ZnS showed the main diffraction peaks of cubic zinc blend phase at 2θ of 28.6, 47.6, and 56.3 due to the (111), (220) and (311) planes, respectively [8] . Small diffraction peaks at 2θ of 27 and 28 were also observed in ZnS due to the (100) and (002) planes of the hexagonal phase. Similar result has been reported by other group [9] when ZnS was prepared under similar synthesis temperature. With the addition of Ga, the main diffraction peaks of cubic zinc blend ZnS were remained. However, the diffraction peaks of ZnS became broader and the intensity of the diffraction peaks became lower ( Fig. 1(b) ). This result suggested that the addition of Ga might reduce the crystallinity of the ZnS or inhibit the crystal growth and agglomeration of ZnS. On the other hand, addition of Sn on Ga(0.1)-ZnS did not change much the diffraction peaks of Ga(0.1)-ZnS. All the Ga(0.1)-ZnS and Ga(0.1),Sn(x)-ZnS samples gave the diffraction peaks of cubic zinc blend ZnS, without detection of other metallic oxides, sulfides, or other secondary phases. These results suggested that Ga and Sn would be doped into ZnS or the amount of added Ga and Sn was so small that they could not be detected by the XRD.
The morphology of the samples was examined by FESEM. It was confirmed that all samples have sphere-shaped particles with size range of 20-150 nm, which were agglomerated to big particles around 200-400 nm. Compared to the Ga(0.1)-ZnS, less agglomeration in Ga(0.1),Sn(x)-
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ZnS samples was observed. Figure 2 shows the FESEM images of the representative samples, which are Ga(0.1)-ZnS and Ga(0.1),Sn(0.01)-ZnS. The composition of these samples was confirmed from the EDX spectra (not shown). In order to investigate the optical properties of the prepared samples, the DR UV-visible spectra were recorded at room temperature and shown in Figure 3 . The prepared ZnS showed an absorption edge at around 400 nm (Fig. 3(a) ), corresponding to the band gap energy of 3.25 eV. With the addition of Ga, the peak maximum and the absorption edge of ZnS were shifted to longer wavelength ( Fig. 2(b) ), suggesting the reduced band gap energy that was determined to be 3.08 eV. On the other hand, addition of Sn caused the blue shift of the maximum peak but slightly shifted the absorption edge of Ga(0.1)-ZnS to longer wavelength (Fig. 3 (c)-(e) ). This result shows that different from Ga doping that able to induce visible light absorption on ZnS, Sn doping could hardly induce visible light absorption on Ga(0.1)-ZnS. (Fig. 4(b) ). Further increase of Sn dopant amount was found to decrease the photocatalytic activity. One of the reasons for the decreased photocatalytic activity might come from the formation of aggregated Sn on the surface that might work as recombination sites for the photogenerated electron and holes, thus, decreased the photocatalytic activity. 
Summary
A new type of photocatalyst, the Ga(0.1),Sn(x)-ZnS, was successfully prepared by hydrothermal method. The addition of dopants successfully reduced the band gap energy of ZnS, which was required for ZnS to be active under visible light irradiation. The Ga(0.1),Sn(x)-ZnS samples was found to give much higher photocatalytic activity than the ZnS and the Ga(0.1)-ZnS. The highest photocatalytic activity was obtained on the Ga(0.1),Sn(0.01)-ZnS, with hydrogen production of 1.8µmol in 5 hours, suggesting that the Sn dopant was only effective when the amount was low. On the other hand, when the amount of Sn was too high, the photocatalytic activity decreased due to the possibility in the formation of aggregated Sn that may act as the recombination sites.
